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Abstract The present study was designed to determine the
effects of both Wi-Fi (2.45 GHz)- and mobile phone (900 and
1800 MHz)-induced electromagnetic radiation (EMR) on ox-
idative stress and trace element levels in the kidney and testis
of growing rats from pregnancy to 6 weeks of age. Thirty-two
rats and their 96 newborn offspring were equally divided into
four different groups, namely, control, 2.45 GHz, 900 MHz,
and 1800 MHz groups. The 2.45 GHz, 900 MHz, and 1,
800MHz groups were exposed to EMR for 60min/day during
pregnancy and growth. During the fourth, fifth, and sixth
weeks of the experiment, kidney and testis samples were taken

from decapitated rats. Results from the fourth week showed
that the level of lipid peroxidation in the kidney and testis and
the copper, zinc, reduced glutathione (GSH), glutathione per-
oxidase (GSH-Px), and total antioxidant status (TAS) values
in the kidney decreased in the EMR groups, while iron con-
centrations in the kidney as well as vitamin A and vitamin E
concentrations in the testis increased in the EMR groups.
Results for fifth-week samples showed that iron, vitamin A,
and β-carotene concentrations in the kidney increased in the
EMR groups, while the GSH and TAS levels decreased. The
sixth week results showed that iron concentrations in the
kidney and the extent of lipid peroxidation in the kidney and
testis increased in the EMR groups, while copper, TAS, and
GSH concentrations decreased. There were no statistically
significant differences in kidney chromium, magnesium, and
manganese concentrations among the four groups. In conclu-
sion, Wi-Fi- and mobile phone-induced EMR caused oxida-
tive damage by increasing the extent of lipid peroxidation and
the iron level, while decreasing total antioxidant status, cop-
per, and GSH values. Wi-Fi- and mobile phone-induced EMR
may cause precocious puberty and oxidative kidney and testis
injury in growing rats.
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Introduction

The use of Wi-Fi and radiation-emitting wireless devices such
as mobile phones in schools and places of employment has
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increased dramatically in the recent century [1, 2]. The wide-
spread use of Wi-Fi and mobile phones has drastically in-
creased radiofrequency electromagnetic fields. Digital cellular
phones using the Global System for Mobile Communications
(GSM) transmit information in bursts of microwaves of 900
and 1800 MHz, while Wi-Fi functions at 2.45 GHz [3].
Different types of Wi-Fi and mobile phone stations and their
sources must be placed indoors or near living/working and
residential areas. The biological effects of electromagnetic
radiation (EMR) and their consequences have become the
subject of great public debate. However, the effects of EMRs
remain unclear, and previous studies have reported conflicting
results.

Electromagnetic fields can alter the energy levels and spin
orientation of electrons and increase the production of reactive
oxygen species (ROS). Thus, exposure to EMR is associated
with enhanced ROS production [3–5]. These species and/or
other free radicals may affect reproductive systems, but the
cellular and molecular mechanisms involved in this process
are unclear [6, 7]. The human body is equipped with a com-
plete arsenal of defenses against ROS. ROS concentrations are
maintained under strict control through the activity of a redox
defense system that includes enzymatic and non-enzymatic
antioxidants [8]. Vitamin E is the primary ROS scavenger in
the lipid phase of cell membranes [9]. Retinol is the major
circulating form of vitamin A; it also has an antioxidant role
and plays an essential role in spermatogenesis and combating
the oxidative toxicity associated with EMR [10, 11]. Elements
that act as cofactors of several enzyme antioxidant systems
have been shown to have protective effects against EMR-
induced oxidative stress injury [12]. For example, zinc (Zn)
plays a critical role in biological membrane stabilization,
protein synthesis, and nucleic acid metabolism as well as in
the growth of normal tissue [13, 14]. Zn and copper (Cu)
protect against oxidation by acting as cofactors for antioxidant
enzymes such as superoxide dismutase and catalase [15].
Selenium (Se) is a cofactor for glutathione peroxidase
(GSH-Px), an important antioxidant enzyme that removes
lipid hydroperoxides and hydrogen peroxide [16–18]. Mag-
nesium (Mg) stabilizes DNA, RNA, and ribosomes and acti-
vates approximately 300 enzymes, including those involved
in energy metabolism and ROS production [19]. The calcium
(Ca) ion has a basic function in neurotransmitter secretion,
oxidative stress, and apoptosis [20, 21]. Magnesium (Mg)
blocks the entrance of Ca ions into cells and reduces oxidative
stress levels. Cu, Se, and Zn act as cofactors of antioxidant
enzymes and are essential for inhibiting the free radical pro-
duction associated with EMR exposure [12, 22].

Devices that incorporate wireless technology such as lap-
top computers and cell phones are often used near reproduc-
tive organs and kidneys and may have harmful effects on the
kidney and testis. Testes are extremely susceptible to oxidative
damage induced by ROS because they contain large amounts

of peroxidation-susceptible [23, 24] polyunsaturated fatty
acids (PUFAs), but contain low amounts of antioxidants
[23]. The kidneys generate very high levels of ROS through
their very highly aerobic metabolism and blood perfusion, but
also have relatively poor enzymatic antioxidant defense
systems [25]. Some recent studies reported that exposure
to Wi-Fi [10, 26, 27] and mobile phone [23, 28] EMR-
induced oxidative stress and decreased the levels of antiox-
idants in the kidney and testis of experimental animals.
However, whether EMR affects element levels, lipid peroxi-
dation, or antioxidant levels in the kidney and testis during
development of offspring is currently unknown and therefore
warrants further investigation.

The present study was designed to determine the possible
effects whole-body 2.45-GHz and 900- and 1800-MHz EMR
exposure on oxidative stress and element levels in the rat
kidney and testis from pregnancy up to 6 weeks of age. Young
rats were used in the current study because their growing
organs may be more prone to the effects of EMR, similar to
children and adolescents who spend a large amount of time
using mobile phone and Wi-Fi devices at school and home.

Materials and Methods

Animals

All experimental procedures in this double-blind study were
approved by the Medical Faculty Experimentation Ethics
Committee of Suleyman Demirel University (protocol num-
ber 2013-03/02). Wistar albino female rats (n =32) and their
96male offspring were used in the current experiment. Female
rats were 12 weeks old and weighed 180±21 g at the begin-
ning of the experiment. Animals were maintained and used in
accordance with the AnimalWelfare Act and the Guide for the
Care and Use of Laboratory Animals prepared by the
Suleyman Demirel University. The rats were housed individ-
ually in stainless steel cages in a pathogen-free environment in
our laboratory at +22 °C±2 with light from 0800–2000 and
free access to water and were fed a commercial diet.

Study Groups

The rats were exposed to EMR radiation during pregnancy.
The 96 newborn male offspring of female rats were selected
and randomly divided into four equal groups as follows.
Female newborn rats were excluded from the study.

Group A (n =24), control rats—the rats exposed to cage
stress 60 min/day during gestation up to 6 weeks of age
(5 days per week)
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Group B (n =24), rats exposed to 2.45 GHz during
60 min/day during gestation up to 6 weeks of age (5 days
per week) [12]
Group C (n =24), rats exposed to 900 MHz during
60 min/day during gestation up to 6 weeks of age (5 days
per week) [25, 29]
Group D (n =24), rats exposed to 1800 MHz during
60 min/day during gestation up to 6 weeks old (5 days
per week) [29]

One-hour exposure to radiation in groups B, C, and D was
executed between 0900 and 1200 each day. Control rats were
exposed to cage stress without exposure to the radiofrequencies.
Pregnancy of the rats was detected by the presence of sperm
in the vaginal smear. Malformation or prenatal death of the
offspring was not observed during the experiment. After preg-
nancy, female and male rats were exposed to EMR radiation up
to 3 weeks of age. After determining the genders of the new-
borns, male newborns were exposed to EMR radiation until
6 weeks of age.

Exposure System and Design

Details of the exposure system have been described in detail
elsewhere [6, 30]. A generator from Biçer Electronic, Co.
(Sakarya, Turkey) with a half-wave dipole antenna system
was used to irradiate the cells with 900, 1,800, and 2.45 GHz
radio frequencies with 217-Hz pulses. The electric field density
was set at 20 dB and 11 V/m to achieve a 0.1-W/kg whole-
body average specific absorption rate (SAR). The distance of
the antenna from the head of rats for Wi-Fi (2.45 GHz) and
mobile phone (900 and 1800MHz) exposure was 25 and 1 cm,
respectively (Fig. 1). The exposure system was kept in a
specific room that contained plastic furniture such as tables
and chairs for protecting the cells from possible radiation
reflection. Walls of the room were completely covered by
chromium–nickel sheets to protect the cells from possible
external telemetric exposure. The required electrical field den-
sity (0.1-W/kg whole-body average SAR) for 900- and 1800-
MHz exposures was continuously recorded every 5 min using
a satellite level meter (EXTECH-480836, Extech Instruments
Corporation, Nashua, NH, USA), as described in a previous
study [31].

Radiation reflection and exposure were measured using a
portable radio frequency survey system (Extech-480836) with
a standard probe. The electromagnetic radiation dose was
calculated from the measured electric field density (volts per
meter). Dielectric permittivity and conductivity values of rat
tissues at certain frequencies were obtained from a report by
Peyman et al. [32]. SAR values at the input 12μW/cm2 power
flux density were calculated using a software program [29].
Whole-body SAR values were in the 0.01–1.2-W/kg range,
with SAR mean values of 0.18±0.07 W/kg for whole-body

900 and 1800 MHz, and 2.45-GHz EMR exposures, with a
value of 10 V/m at the closest point in the body.

Control group rats were placed in the cylindrical restrainer
with the radio frequency source switched off for time periods
similar to those used for irradiation. Control animals were kept
in their cages without treatment or restraints of any kind.

Preparation of Kidney and Testes Samples

Inhalation anesthesia was provided before sacrifice by decap-
itation followed by removal of the kidney and testis. The
dissected testes were weighed and washed twice with cold
saline solution, placed into glass bottles, labeled, and stored
in a deep freezer (−33 °C) until processing (maximum
3 weeks). Next, kidney and testis samples were cut into small
pieces using scissors and homogenized (2 min at 5,000 rpm) in
five volumes (1:5, w /v) of ice-cold Tris–HCl buffer (50 mM,
pH 7.4) using an ultrasonic homogenizer (Bandelin-2070,
BANDELIN Electronic, GmbH & Co. KG, Berlin, Germany).
All preparation procedures were performed on ice. Lipid per-
oxidation and enzyme activities were then immediately
assessed in the kidney and testis homogenate samples. total
antioxidant status (TAS) and element levels in the kidney
samples were analyzed within 4 weeks. TAS and element
levels were only measured in the kidney samples due to limited
tissue samples.

Assessments of Lipid Peroxidation and Protein Levels

Lipid peroxidation levels in kidney and testis homogenate
were measured by assaying for thiobarbituric acid-reactive
substances, as described previously [33]. The pink-colored

Fig. 1 The experimental setup for irradiation of rats

Effects of EMR on Oxidative Stress in Kidney and Testis of Newborn Rats 223



chromogen formed during the reaction of thiobarbituric acid
with lipid peroxidation breakdown products was measured
spectrophotometrically (Shimadzu UV-1800; Shimadzu
Corp., Kyoto, Japan) at a wavelength of 535 nm. The levels
of lipid peroxidation in the kidney and testis homogenate were
expressed as micromoles per gram protein.

Reduced Glutathione, Glutathione Peroxidase, and Protein
Assays

GSH content in the kidney and testis was measured at a
wavelength of 412 nm, according to the method of Sedlak
and Lindsay [34]. GSH-Px activity in the kidney and testis
was measured spectrophotometrically (Shimadzu UV-1800;
Shimadzu Corp., Kyoto, Japan) at 37 °C, at a wavelength of
412 nm, according to the method of Lawrence and Burk [35].
Protein content of the kidney and testis samples was measured
according to the method of Lowry et al. [36], using bovine
serum albumin as the protein standard.

Total Antioxidant Status Level Determinations

The kidney TAS levels were measured calorimetrically using
the TAS kit (Mega Tıp Inc, Gaziantep, Turkey) [37]. The
results in the serum and erythrocytes were expressed in mi-
cromoles of H2O2 equivalent per gram tissue.

Plasma Vitamin A, Vitamin E, and β-Carotene Analyses

Levels of vitamins A (retinol) and E (α-tocopherol) in the
kidney and testis samples were measured using the method
described by Desai [38] and Suzuki and Katoh [39] with some
modifications. Approximately 0.25 g of each tissue sample
was saponified by the addition of 0.3 mL of 60 % (w /v in
water) KOH and 2 mL of 1 % (w /v in ethanol) ascorbic acid,
followed by heating at 70 °C for 30 min. After cooling the
samples on ice, 2 mL of water and 1 mL of n -hexane were
added to the samples. The samples were mixed and allowed to
stand for 10 min to facilitate phase separation. A 0.5-mL n -
hexane extract aliquot was taken, and the vitamin A concen-
tration was measured at 325 nm. Next, reactants were added,
and the hexane absorbance value was measured at 535 nm in a
spectrophotometer. Calibrations were performed using stan-
dard solutions of all-trans retinol and α-tocopherol in hexane.

The β-carotene concentration in kidney and testis was
determined according to the method of Suzuki and Katoh
[39]. For this, 2 mL of hexane was mixed with 0.25 g of
kidney and testis. The β-carotene concentration in the
hexane mixture was measured at 453 nm in a
spectrophotometer.

Measurement of Element Levels in Kidney

The kidney tissue chromium (Cr), Cu, iron (Fe), Mg, manga-
nese (Mn), Se, and Zn levels were determined using an
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) system after digestion with nitric acid (65 % and
2.5 mL) and perchloric acid (65 % and 0.5 mL) and ashing
(150–180 °C) as described in a previous study [40]. Approx-
imately 0.5 g of tissue was obtained from each animal for this
measurement. The tissue concentrations of the elements are
expressed as micrograms per gram wet tissue weight.

Apparatus The ICP-AES system used was an ICAP 6000
ICP-OES emission spectrometer equipped with the plus
autosampler and was controlled by a computer (Thermo Fish-
er Scientific Inc., Istanbul, Turkey). The plasma operating
conditions in this study were containing ICP system 15 L/
min plasma gas flow rate, 0.5 argon carrier flow rate, 1.51/min
sample flow rate, and elution flow rate. The speed of the
peristaltic pump was 100 rpm. Transport lines were made
using a 1.25-mm-i.d. polytetrafluoroethylene tubing. The an-
alytic lines of ICP-AESmeasurements in Cr, Cu, Fe, Mg, Mn,
Se, and Zn analyses were 267.72, 324.75, 259.94, 285.21,
257.61, 196.09, and 206.20 nm, respectively.

Reagents All reagents were of analytical reagent grade, and
deionized water was used. Stock solutions of Cr, Cu, Fe, Mg,
Mn, Se, and Zn were prepared by taking appropriate amounts
of standards in nitric acid solution. Working solutions were
prepared immediately before use. Adjustment of pH was
made with buffer (acetic acid, boric acids, and their potassium
salts). Doubly distilled deionized water was used in the current
study. All glassware used was washed with 10 % nitric acid
for 1 day and rinsed with deionized water before use.

Statistical Analyses

All results are expressed as means ± standard deviation (SD).
p values of less than 0.05 were regarded as significant. Sig-
nificant values were assessed with Mann–Whitney U test.
Data was analyzed using the SPSS statistical program (version
17.0 software, SPSS Inc. Chicago, IL, USA).

Results

Fourth-Week Results

Mean MDA levels (an index of in vivo lipid peroxidation),
GSH, GSH-Px, and antioxidant vitamin results from the
fourth week in the four groups are shown in Table 1, whereas
kidney TAS and element levels from the fourth week are
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shown in Table 2. Mean levels of lipid peroxidation (p <0.05
and p <0.001) in kidney and testis and mean levels of Cu (p <
0.05), Zn (p <0.05), GSH (p <0.05), TAS (p <0.05 and p <
0.001), and GSH-Px (p <0.05) in the kidney were significant-
ly lower in the 2.45 GHz and 900 and 1800 MHz groups than
in the control group. In addition, iron concentrations in the
kidney (p <0.001) and vitaminA (p <0.05) and vitamin E (p <
0.05 and p <0.001) concentrations in the testis were signifi-
cantly higher in the 2.45 GHz and 900 and 1800 MHz groups
than in the control group. This suggests that EMR-induced
lipid peroxidation levels are decreased in the kidney and testes
due to increased antioxidant activities. However, Cr, Mg, Mn,
Se, and β-carotene concentrations in the four groups were not
statistically significant.

Fifth-Week Results

Mean kidney and testis levels of lipid peroxidation, GSH,
GSH-Px, and antioxidant vitamins in the fifth week for the

four groups are shown in Table 3. Kidney TAS and element
levels in the fifth week are shown in Table 4. The Fe (p <
0.05), vitamin A (p <0.05 and p <0.01), and β-carotene (p <
0.05 and p <0.01) concentrations in the kidney were signifi-
cantly higher in the EMR groups than in the control group,
although kidney GSH and TAS (p <0.05 and p <0.01) levels
were significantly (p <0.05) lower in the EMR groups than in
the control group. An elevation in the level of lipid peroxida-
tion indicates that lipid peroxidation caused cell membrane
and intracellular component injury. However, lipid peroxida-
tion, GSH-Px, vitamin E, and Cu, Cr, Mg, Mn, Se, and Zn
values in kidney and testis of the four groups were not statis-
tically significant.

Sixth-Week Results

Mean lipid peroxidation, GSH, GSH-Px, and antioxidant
vitamin in the sixth week in the kidney and testis for
the four groups are shown in Table 5. Kidney TAS and

Table 1 Effects of mobile phone (900 and 1800 MHz) and Wi-Fi (2.45 GHz) frequencies on kidney and testis lipid peroxidation (LP), glutathione
peroxidase (GSH-Px), reduced glutathione (GSH), and antioxidant vitamin values in 4-week-old rats (n=8, mean ± SD)

Values Controls 2.45 GHz 900 MHz 1800 MHz

Kidney Testis Kidney Testis Kidney Testis Kidney Testis

LP (μM/g protein) 13.0±0.7 11.9±1.4 8.1±0.8*** 9.6±0.9* 6.0±0.8***,**** 9.1±0.8* 8.8±0.7*** 9.4±0.4*

GSH-Px (IU/g protein) 26.3±0.9 17.5±3.4 22.6±2.5* 23.3±3.7* 21.1±1.3* 23.6±2.1* 22.1±1.3* 24.1±2.0*

GSH (μM/g protein) 15.1±0.5 17.5±0.3 12.9±0.7* 20.4±1.4 11.8±0.7* 20.0±2.5 12.8±0.5* 17.1±1.6

Vitamin A (μM/g tissue) 1.3±0.3 1.3±0.3 1.4±0.4 1.7±0.2* 1.4±0.1 1.8±0.3* 1.6±0.2 1.8±0.2*

β-Carotene (μM/g tissue) 0. 8±0.1 0.8±0.1 0.9±0.2 0.8±0.2 1.0±0.2 0.7±0.2 1.0±0.2 0.7±0.1

Vitamin E (μM/g tissue) 12.8±1.1 21.8±1.0 12.3±1.5 27.3±2.1* 12.4±1.5 25.6±2.4* 12.7±1.0 34.6±2.6***,****

*p <0.05; **p <0.01 and ***p<0.001 as compared with the control group; ****p <0.05, as compared with the 2.45 GHz group

Table 2 Effects of mobile phone (900 and 1800 MHz) andWi-Fi (2.45 GHz) EMR exposure on kidney total antioxidant status (TAS), chromium (Cr),
copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), selenium (Se), and zinc (Zn) levels in 4-week-old rats (n =8, mean ± SD)

Parameters 4th week

Control 2.45 GHz 900 MHz 1800 MHz

TASa 6.59±0.64 5.68±0.93* 5.72±0.72* 4.19±0.81***

Crb 2.60±0.48 2.67±0.51 2.70±0.31 2.65±0.41

Cub 6.95±0.64 5.33±0.95* 5.05±0.53* 4.78±0.50**

Feb 63.66±9.25 82.79±6.20*** 86.72±7.68*** 79.49±9.50***

Mgb 231.19±30.25 213.44±28.93 209.91±7.58 215.27±15.20

Mnb 0.84±0.12 0.75±0.07 0.82±0.04 0.78±0.09

Seb 2.40±0.42 2.31±0.63 2.31±0.54 2.33±0.45

Znb 24.63±1.54 19.26±1.94* 19.63±1.11* 19.00±0.61*

*p <0.05, **p<0.01 and ***p<0.001 as compared with the control group
aMicromoles H2O2 equiv. per gram tissue
bMicrograms per gram tissue
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element levels in the sixth week are shown in Table 6.
Testis and kidney lipid peroxidation (p <0.05) and kid-
ney Fe (p <0.05 and p <0.01) levels were higher in the
2.45 GHz and 900 and 1800 MHz groups than in the
control group, although Cu (p <0.05), TAS (p <0.001),
and GSH (p <0.05) concentrations were significantly
decreased in the EMR groups. The other parameters
assessed in the four groups were not statistically
significant.

Discussion

Wireless devices are widely used in today's world. Modern
wireless devices such as Wi-Fi-enabled devices or wireless
internet access devices use higher frequency ranges (2,400–2,
500 Hz) than cell phones and typically have a longer exposure
time and wider area of exposure [1, 2]. Devices using this type
of wireless technology such as laptop computers are primarily

used near reproductive organs and may have harmful effects
on the kidney and testis.

Oxidative stress plays a role in EMR exposure effects on
body tissues [8, 20, 21]. Kidney and testicular tissues are very
sensitive to ROS effects because the testis is rich in PUFAs but
low in antioxidants. The kidney exhibits very high metabolic
activity and blood flow (oxygen). Additionally, testis and
sperm membranes consist of dense unsaturated fatty acids that
make sperm sensitive to oxygen-induced damagemediated by
lipid peroxidation and free water-induced oxygen [23–25].
Elevated levels of ROS may damage DNA, lipids, protein,
and enzymes in these tissues. Some studies showed that
Wi-Fi- and mobile phone-induced EMR can generate oxida-
tive stress in the testis and kidneys [10, 25, 27], while others
suggested that EMR exposure does not affect oxidative stress
markers such as MDA [26]. Certain protective enzymatic and
non-enzymatic antioxidants play important roles in antioxi-
dant defense, but increased oxidative stress in cells stemming
from EMR may lead to cell injury when defense systems are

Table 3 Effects of mobile phone (900 and 1800 MHz) and Wi-Fi (2.45 GHz) frequencies on kidney and testis lipid peroxidation (LP), glutathione
peroxidase (GSH-Px), reduced glutathione (GSH), and antioxidant vitamin values in 5-week-old rats (n=8, mean ± SD)

Values Controls 2.45 GHz 900 MHz 1800 MHz

Kidney Testis Kidney Testis Kidney Testis Kidney Testis

LP (μM/g protein) 9.5±0.9 10. 7±0.7 8.5±0.7 11.7±1.5 8.9±0.8 12.5±2.3 8.9±0.8 12.8±1.2

GSH-Px (IU/g protein) 21.8±1.1 22.9±1.9 19.6±1.5 22.6±2.0 19.7±1.4 20.6±1.3 19.7±1.4 20.3±0.8

GSH (μM/g protein) 9.7±1.0 15.1±1.2 7.7±1.0* 16.0±1.7 7.4±0.5* 17.4±1.7 7.4±0.5* 16.1±1.1

Vitamin A (μM/g tissue) 1.4±0.3 1.9±0.2 1.9±0.3* 1.8±0.3 2.2±0.3** 1.9±0.3 2.2±0.3** 1.9±0.3

β-Carotene (μM/g tissue) 0. 8±0.1 0.8±0.2 1.3±0.1* 0.7±0.1 1.3±0.2** 0. 8±0.2 1.3±0.2** 0.7±0.1

Vitamin E (μM/g tissue) 11.7±1.3 20.6±0.7 11.3±2.0 18.6±2.0 11.4±1.3 23.6±1.4 11.4±1.3 24.8±2.2

*p <0.05 and **p <0.01 as compared with the control group

Table 4 Effects of mobile phone (900 and 1800 MHz) and Wi-Fi (2.45 GHz) frequencies on kidney total antioxidant status (TAS), chromium (Cr),
copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), selenium (Se), and zinc (Zn) levels in 5-week-old rats (n =8, mean ± SD)

Parameters 5th Week

Control 2.45 GHz 900 MHz 1800 MHz

TASa 6.63±0.72 5.37±0.72* 4.34±0.28** 5.52±0.62*

Crb 2.80±0.48 2.71±0.38 2.83±0.64 2.70±0.86

Cub 6.91±0.81 6.60±0.78 6.60±0.72 5.91±0.68

Feb 51.70±8.86 63.27±7.30* 58.26±5.94* 58.52±8.15*

Mgb 210.56±15.21 233.23±8.40 228.21±11.26 232.77±19.13

Mnb 0.88±0.23 0.93±0.05 0.88±0.08 0.88±0.17

Seb 2.03±0.38 2.00±0.49 1.97±0.36 1.98±0.50

Znb 22.77±1.67 19.60±2.36 19.39±1.96 20.32±1.91

*p <0.05 and **p <0.001 as compared with the control group
aMicromoles H2O2 equiv. per gram tissue
bMicrograms per gram tissue
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overwhelmed [10]. The EMR absorption rate in tissues is
directly related to dielectric properties and conductivity of
the organs. Because of increased water uptake during preg-
nancy, whole-body electrical conductivity increases during
pregnancy, making pregnant women and their fetuses more
sensitive to EMR [41].

The current study showed that lipid peroxidation values in
the fourth week were decreased in the 2.45 GHz as well as the
900 and 1,800 GHz EMR groups compared to levels in the
control group, although antioxidant values increased. Atasoy
et al. [26] reported that levels of the lipid peroxidation-
associated molecule MDAwere decreased in the sperm cells
of rats following Wi-Fi exposure. Kismali et al. [41] reported
that whole-body 1800-MHz EMR exposure for 15 min/day
for 1 week did not change MDA levels in the blood of
pregnant rabbits. The report supported the lipid peroxidation
results obtained during the fourth week. In the fifth and sixth
weeks, lipid peroxidation levels were higher in the EMR
groups than in the control groups, while GSH values were
decreased. The current study also showed that 4-week-old rats

were more sensitive than mature (5- or 6-week-old) rats to the
main oxidative stress parameters, as demonstrated by de-
creased lipid peroxidation levels in the kidney and testis and
decreased TAS, GSH, and GSH-Px levels in the kidney.
Furthermore, the normalization observed in rats after the fifth
week was higher than that in the fourth week after the recov-
ery period. Thus, 5-week-old rats more successfully dealt with
oxidative stress than 4-week-old rats. Similarly, Oksay et al.
[10] reported increased MDA levels in the testis of adult rats
after 30-day 2.45-GHz exposure. Oktem et al. [25] and
Devrim et al. [42] reported that MDA levels increased in adult
rats after 900-MHz exposure, although GSH-Px activities
were decreased by EMR exposure. Our results confirm those
of Oksay et al. [10], Oktem et al. [25], and Devrim et al. [42].

GSH is a major thiol group-containing antioxidant and
plays an important role in protecting cells against ROS-
induced damage [17, 43]. It also acts as substrate in many
essential enzymatic reactions involving GSH-Px and glutathi-
one reductase. Tissue GSH levels reflect the capability of
tissues to scavenge free oxygen radicals, preserve the cellular

Table 6 Effects of mobile phone (900 and 1800 MHz) and Wi-Fi (2.45 GHz) frequencies on kidney total antioxidant status (TAS), chromium (Cr),
copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), selenium (Se), and zinc (Zn) levels in 6-week-old rats (n =8, mean ± SD)

Parameters 6th Week

Control 2.45 GHz 900 MHz 1800 MHz

TASa 6.88±0.91 4.89±0.74** 4.05±0.80** 3.19±0.62**

Cub 5.37±0.53 4.87±0.66* 4.76±0.49* 4.66±0.82*

Feb 59.96±7.22 71.82±10.84* 67.94±5.87* 75.38±9.89**

Mgb 209.64±12.73 214.77±22.75 202.31±15.78 206.68±19.63

Mnb 0.88±0.09 0.96±0.09 0.92±0.09 0.88±0.11

Seb 2.40±0.28 2.24±0.53 2.37±0.40 2.46±0.31

Znb 22.37±1.56 20.79±1.69 19.42±1.87 20.22±1.31

*p <0.05 and **p <0.001 as compared with the control group
aMicromoles H2O2 equiv. per gram tissue
bMicrograms per gram tissue

Table 5 Effects of mobile phone (900 and 1800 MHz) and Wi-Fi (2.45 GHz) frequencies on kidney and testis lipid peroxidation (LP), glutathione
peroxidase (GSH-Px), reduced glutathione (GSH), and antioxidant vitamin values in 6-week-old rats (n=8, mean ± SD)

Values Controls 2.45 GHz 900 MHz 1800 MHz

Kidney Testis Kidney Testis Kidney Testis Kidney Testis

LP (μM/g protein) 9.6±1.7 15.1±0.9 6.8±0. 7* 19.6±1.7* 6.2±1.1* 20.0±2.4* 6.1±0.7* 20.4±1.0*

GSH-Px (IU/g protein) 20.4±0.9 25.1±2.9 18.9±1.9 27.1±1.2 17.5±2.0 27.1±2.8 18.0±1.7 27.2±2.8

GSH (μM/g protein) 7.9±1.0 24.3±1.6 6.1±0.3* 24.4±1.8 5.9±0.4* 26.8±2.2 6.0±0.6* 27.1±1.7

Vitamin A (μM/g tissue) 2.1±0.4 2.1±0.4 2.0±0.3 2.0±0.3 2.1±0.3 2.1±0.3 2.2±0.2 2.2±0.2

β-Carotene (μM/g tissue) 0.9±0.2 0.9±0.2 0.8±0.1 0.8±0.1 0.9±0.1 0.9±0.1 0.9±0.1 0.9±0.1

Vitamin E (μM/g tissue) 12.7±1.1 18.5±1.9 12.6±1.3 16.7±2.3 12.7±1.2 19.5±1.4 12.1±1.0 21.1±1.6

*p <0.05 as compared with the control group
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reduction–oxidation balance, and defend cells against oxida-
tive damage. Depletion of GSH in EMR-exposed animals may
be responsible for lipid peroxidation in the testis and kidney. In
the current study, GSH-Px activity decreased in the testis and
kidney during the fourth week, and GSH levels decreased in
the fourth, fifth, and sixth weeks in the kidney, whichmay have
been a consequence of depleted GSH stores. Similarly, in-
creases in lipid peroxidation and a concomitant depletion in
GSH level were observed in the kidney after EMR exposure,
suggesting that increased lipid peroxidation levels may have
been a consequence of depleted GSH stores [43].

Free oxygen radicals are very reactive paramagnetic chem-
ical species because they have several unpaired electrons and
thus unpaired spins. Because the electron spin of molecules
has an associated magnetic moment, the interconversion and
chemical fates of singlet and triplet states are influenced by
EMR [44]. Several reports indicated that EMR enhances ROS
levels in cells via Fenton reactions of metals such as Zn, Cu,
and Fe [29, 45, 46]. The Fenton reaction is a catalytic process
that converts hydrogen peroxides into the highly toxic
hydroxyl radical [8, 47]. We observed that Fe levels and
the extent of lipid peroxidation were increased in the kidney
following EMR exposure, due to Fe oxidation in the tissue via
Fenton reaction.

Kidney Cu, Zn, and lipid peroxidation levels after the
fourth week were lower in the three EMR groups than in the
control group, although the values returned to control levels or
were increased by EMR exposure after the fifth and sixth
weeks. Cu is an essential element in biological systems. Zn
is a micronutrient abundantly present in meat and seafood and
serves as a cofactor for more than 80 metalloenzymes in-
volved in DNA transcription and protein synthesis [14]. Be-
cause DNA transcription is a major factor in germ cell devel-
opment, Zn is likely important for reproduction [44]. Further-
more, Zn finger proteins are implicated in the genetic expres-
sion of steroid hormone receptors [14], and zinc induces
antioxidant properties and interacts with Fe molecules
to inhibit oxidative stress [47]. Zn and Cu protect
against oxidative stress by acting as cofactors for anti-
oxidant enzymes such as superoxide dismutase [14, 15].
The biological functions of Cu are intimately related to
its redox properties as a transition metal. Redox cycling
between Cu2+ and Cu1+ can catalyze the production of
highly toxic hydroxyl radicals [16].

The vitamin A active metabolite retinoic acid plays an
important role in spermatogenesis and promotes the entrance
of spermatogonia into the meiotic pathway. Retinoic acid
appears to be responsible for differentiation of undifferentiat-
ed spermatogonia by upregulating Kit expression in germ
cells [11]. Vitamin E has also been shown to suppress lipid
peroxidation in testicular microsomes and mitochondria, and
deficiencies in this vitamin lead to a state of oxidative stress
and deterioration in both spermatogenesis and testosterone

production [2]. We observed that liver vitamin A and β-
carotene concentrations were decreased by the 2.45-GHz,
900- and 1800-GHz EMR exposures (unpublished data). In
the current study, we observed increased concentrations of
vitamin A, vitamin E, and β-carotene concretions after the
fourth and fifth weeks, although lipid peroxidation levels were
decreased. The increase in vitamin A, vitamin E, and β-
carotene concentrations in the kidney and testis of EMR
exposure groups may reflect transport from the liver to these
cells, which is very important for spermatogenesis and kidney
oxidative functions.

Conclusion

In conclusion, our results demonstrated thatWi-Fi (2.45 GHz)
and mobile phone (900 and 1800 MHz) devices contribute to
oxidative stress in the kidney and testes as demonstrated by
increased lipid peroxidation and oxidizable iron content and
decreased antioxidant trace elements (copper and zinc), TAS,
and GSH during kidney and testis development. The present
study demonstrated that Wi-Fi- and mobile phone-induced
EMRmay cause precious puberty and kidney oxidative injury
in growing rats. This is the first study that investigated the role
of Wi-Fi- and mobile phone-derived EMR exposure on grow-
ing rat kidney and testis.
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